Rationale Oxytocin is a neuropeptide widely recognized for its role in regulating social and reproductive behavior. Increasing evidence from animal models suggests that oxytocin also modulates reward circuitry in non-social contexts, but evidence in humans is lacking. Objectives We examined the effects of oxytocin administration on reward circuit function in 18 healthy men as they performed a monetary incentive task. Methods The blood oxygenation level-dependent (BOLD) signal was measured using functional magnetic resonance imaging in the context of a randomized, double-blind, placebocontrolled, crossover trial of intranasal oxytocin. Results We found that oxytocin increases the BOLD signal in the midbrain (substantia nigra and ventral tegmental area) during the late phase of the hemodynamic response to incentive stimuli. Oxytocin's effects on midbrain responses correlated positively with its effects on positive emotional state. We did not detect an effect of oxytocin on responses in the nucleus accumbens. Whole-brain analyses revealed that oxytocin attenuated medial prefrontal cortical deactivation specifically during anticipation of loss. Conclusions Our findings demonstrate that intranasal administration of oxytocin modulates human midbrain and medial prefrontal function during motivated behavior. These findings suggest that endogenous oxytocin is a neurochemical mediator of reward behaviors in humans-even in a non-social context-and that the oxytocinergic system is a potential target of pharmacotherapy for psychiatric disorders that involve dysfunction of reward circuitry.
Introduction
Oxytocin is a centrally active neuropeptide best known for its roles in social and reproductive behavior. The mechanisms by which oxytocin modulates these behaviors are not completely understood. Current models include the approach-avoidance model (Kemp and Guastella 2011) and the social salience model (Bartz et al. 2011) . It has also been suggested that oxytocin facilitates social interaction by modulating activity within reward networks (Gordon et al. 2011; Love 2014) . Oxytocin receptors are widely distributed within rewardsensitive brain regions including the ventral tegmental area (VTA), nucleus accumbens (NAc), and prefrontal cortex (PFC) (animals: Adan et al. 1995; humans: Boccia et al. 2013; Dumais et al. 2013; Loup et al. 1991) . Oxytocin neurons project from the paraventricular and supraoptic nuclei of the hypothalamus to the NAc and VTA, where they have been shown to regulate dopamine neurotransmission (animals: Melis et al. 2007; Melis et al. 2009 ). As dopamine is thought ClinicalTrials.gov. registration: NCT01722071 (http://clinicaltrials. gov/ct2/show/NCT01722071) Electronic supplementary material The online version of this article (doi:10.1007/s00213-016-4423-6) contains supplementary material, which is available to authorized users.
to modulate attributions of salience towards reward-predicting stimuli, it has been suggested that oxytocin, through its interface with mesoaccumbal dopamine systems, may influence the salience of incentive cues which could ultimately affect an individual's drive towards significant stimuli (Becker and Taylor 2008) .
Indeed, oxytocin alters reward-driven behavior associated with a variety of incentives in experimental animals via modulation of mesoaccumbal dopamine release. Oxytocin infusions into the NAc and VTA enhance dopamine release in association with increased performance of socially motivated behaviors such as pup grooming, pair bonding, and sexual behaviors (Gordon et al. 2011) . Oxytocin directly administered into the NAc can also attenuate reward-related behaviors associated with drugs of abuse, including drug self-administration and behavioral sensitization, and interfere with drug-induced dopamine release in rats (Sarnyai and Kovács 2014) .
Although an extensive animal literature provides evidence that oxytocin shapes neural and behavioral responses to reward, whether these findings generalize to humans is still being explored. Several recent human studies have suggested that oxytocin administration can influence neural responses to social stimuli, including faces (Groppe et al. 2013; Scheele et al. 2013) , social touch (Scheele et al. 2014) , and cooperative interactions (Rilling et al. 2014 ). Lee and colleagues recently reported that intranasal oxytocin-enhanced behavioral responses to monetary reward in abstinent cocaine users (Lee et al. 2014 ). To our knowledge, the effects of oxytocin on neural responses to non-social rewards have been examined in just one study of trauma-exposed police officers with and without PTSD (Nawijn et al. 2016) . That study suggested that oxytocin enhanced responses to monetary incentives in the putamen, insula, and anterior cingulate cortex, but no oxytocin effects were detected in the mesoaccumbal pathway, and no effects survived whole-brain correction for multiple comparisons (Nawijn et al. 2016) .
In the present study, we tested the hypothesis that exogenously administered oxytocin influences mesoaccumbal responses to monetary incentive stimuli in healthy humans. We focused on the mesoaccumbal pathway because midbrain dopaminergic projections to the nucleus accumbens are known to drive reward behavior in humans and animals and these pathways are subject to oxytocin modulation. We approached this question using functional magnetic resonance imaging in the context of a randomized, double-blind, placebo-controlled, crossover trial of intranasal oxytocin. We used an fMRI task that robustly activates the mesoaccumbal reward pathway, the Monetary Incentive Delay (MID) task (e.g., Cooper and Knutson 2008; Knutson et al. 2004 . We predicted that oxytocin administration would increase activity in midbrain and nucleus accumbens. There is evidence to suggest that oxytocinergic effects may be salience (e.g., Wittfoth-Schardt et al. 2012) or valence-dependent (e.g., Domes et al. 2013b; Gamer and Büchel 2012; Gamer et al. 2010; Kis et al. 2013 ). As such, we chose to utilize a version of the MID task, which varies incentives along both of these dimensions. Based on suggestions that personality traits may moderate the behavioral effects of oxytocin (Bartz et al. 2011) , an additional exploratory aim was to examine how personality traits moderate the neural effects of oxytocin.
Materials and methods
Study design All procedures were approved by the University of Michigan Institutional Review Board and performed at the University of Michigan Medical Center in 2013-2014. Protocols were registered on ClinicalTrials.gov (identifier: NCT01722071). We used a double-blind, randomized, placebo-controlled, crossover design. Each participant was scanned twice: once after oxytocin and once after placebo. Scans were performed on different days 1-2 weeks apart, and the order of scans was randomized and counterbalanced across participants. Randomization was achieved with a computer-generated random allocation sequence (SAS software, Cary, NC) without blocking, and allocation was concealed prior to scanning to prevent selection bias. Participants and study personnel who interacted with participants were thus blinded to drug assignment (oxytocin versus placebo) until the completion of the study; only the research pharmacy personnel who prepared the drugs were not blinded.
Participants Twenty healthy men were recruited by advertisement and provided written informed consent. The sample size of 20 was chosen based on power analysis which indicated 90 % power to detect a standardized effect size >0.8, allowing for 10 % attrition and 5 % type I error. Participants were screened with the Mini International Neuropsychiatric Inventory, version 6.0.0 by a PhD-level study member who was supervised by a psychiatrist (Sheehan et al. 1998) . Eligible subjects were right-handed men, age 20-35 years, with no current medications and no history of neurological, psychiatric, or substance use disorder (including tobacco). One subject was excluded before scanning due to a history of depression. Another subject was later excluded from data analysis due to excessive movement during functional MRI scanning, leaving 18 subjects available for analysis.
Drug Oxytocin and matched placebo preparations were obtained from PharmaWorld (Zurich, Switzerland). The oxytocin preparation was identical to placebo except for the addition of 4 international units of oxytocin per 0.1 ml (Syntocinon®, Novartis, Basel, Switzerland) .
Prior to drug administration, study staff confirmed that breathing was unobstructed and that participants were not experiencing congestion. Participants were then given verbal instructions on how to administer the drug and the proper nasal delivery action was demonstrated by study staff. While being monitored by study staff to ensure compliance, participants were then asked to self-administer the intranasal drug as follows: After confirming the intranasal device was primed by completing a test spray, participants, while keeping their head upright, were instructed to insert the intranasal device into their nose (≤0.5 in.) and to aim away from the midline. After the device was in place, participants were asked to depress the pump and to gently breathe in. Participants were asked to alternate sprays between nostrils. Participants selfadministered oxytocin and placebo intranasally by applying three 0.1-ml puffs per nostril (24 units of oxytocin in total).
The reward task in the MRI scanner began 49 ± 18 min (mean ± SD) after administration of oxytocin or placebo. This timing was chosen based on previous functional MRI studies that investigated the neural effects of oxytocin (Marsh et al. 2010; Riem et al. 2011a, b; Rimmele et al. 2009) , and it aligns with previous reports of neuropeptide elevations in cerebrospinal fluid following intranasal administration in monkeys and humans (Born et al. 2002; Dal Monte et al. 2014) .
Following each scan, participants were asked to guess whether they had received oxytocin or placebo. To examine whether patient blinding was successful, we examined these data using an exact binomial test in R. Results indicated that participants were not able to successfully detect above chance which drug they received during each scan: 9 out of the 18 participants correctly guessed which drug they had received during their first scan (p = 1.0) and 7 out of the 18 correctly guessed during their second scan (p = 0.48).
Questionnaires Emotional states were measured with the Positive and Negative Affect Schedule (PANAS; Watson and Clark 1994) , the Spielberger State-Trait Anxiety Inventory (STAI; Spielberger et al. 1983) , and the Brief Fear of Negative Evaluation (BFNE) scale (see Supplementary Materials for a complete description of each measure). These questionnaires were completed just prior to the MRI scan, which began 30 ± 6 min (mean ± SD) after oxytocin or placebo administration.
Personality traits were characterized with the Revised NEO Personality Inventory (NEO PI-R), which reliably measures five major domains: neuroticism, extraversion, openness, agreeableness, and conscientiousness (Costa and McCrae 1992) .
Reward task To examine the effects of oxytocin administration on neural responses to non-social incentive stimuli, we used a modified version of the monetary incentive delay task (MID, Fig. 1 , Cooper and Knutson 2008) . During this task, participants were instructed they would play a game where they had the chance to win money. Participants were told that on the beginning of each trial they would see one of five cues (see BTrial conditions^below) which would signal the trial type and the amount of money at stake, and then after a delay, a solid white target box would briefly appear. Participants were informed that their goal was to press a button as quickly as possible as soon as the target box appeared on the screen. Participants were instructed to try to hit the target regardless of trial condition. The presentation time for the target box was adjusted dynamically based on a subject's reaction time to maintain an average target hit rate near 60 %. This was done to assure consistency of success across participants and between sessions. Participants were not told in advance that the target box duration would be adaptively adjusted based on their performance. At the end of each trial, the participant received feedback about the outcome of the trial. The five trial conditions were each presented 9 times during each session (27 times each over 3 sessions) in a pre-defined pseudorandom order. The order of stimuli was identical across subjects and drug treatments.
Trial conditions In this version of the MID task, trials varied across two dimensions: salience (high and low) and valence (reward and loss). As such, there were five trial conditions in total: high-salience reward, low-salience reward, highsalience loss, low-salience loss, or neutral (Fig. 1) . This task was chosen over other reward tasks based on evidence that oxytocinergic effects may be salience-dependent (WittfothSchardt et al. 2012) or valence-dependent (Domes et al. 2013a; Gamer and Büchel 2012; Gamer et al. 2010; Kis et al. 2013) . Valence was manipulated by varying the type of incentive at stake (positive-valence = reward; negativevalence = loss), whereas salience was manipulated by varying the certainty of the outcome (see Cooper and Knutson 2008) . In high-salience trials (indicated by B?^), participants were Fig. 1 Design of the monetary incentive delay task. Participants were presented with a cue (i.e., stimulus) at the beginning of each trial indicating the type of trial: high-salience win (W?), low-salience win (W), high-salience loss (L?), low-salience loss (L), or neutral (N). The cue was followed by crosshairs during a variable delay period and then the brief appearance of a target (solid white square). Participants hit the target by pressing a button before the target disappeared. At the end of the trial, the participant received feedback about the outcome of the trial. Trials were separated by jittered inter-trial intervals (ITI) of 2-6 s instructed that the button must be pressed when the target was on-screen in order to win or avoid losing money. If a participant successfully responded to the target during high-salience trials, the subject either gained $3 (reward trials) or avoided losing $3 (loss trials). In low-salience trials, subjects were told that while they should respond to the target box, whether they hit the target had no impact on the amount of money they won or lost for that trial. In other words, the outcome was certain during low-salience trials: the subject always won $3 (reward trials) or lost $3 (loss trials). On neutral trials, no money was at stake, but participants were instructed to try to hit the target nonetheless.
Image acquisition Whole-brain functional images were acquired on a Philips Ingenia 3-T system (Best, Netherlands) using a T2*-sensitive echo planar imaging sequence (39 axial slices, slice thickness 3.5 mm, echo time 28 ms, repetition time 2 s, flip angle 90°, no slice gap, field of view 240 mm 2 , acquisition matrix 64 × 64, ascending acquisition). Three sessions of 295 volumes each were acquired. The behavioral task was implemented using E-prime software with the Integrated Functional Imaging System (IFIS) toolbox (Psychology Software Tools, Sharpsburg, PA). Stimuli were displayed on a computer monitor located at the rear of the scanner and viewed through a mirror attached to the head coil. A high-resolution structural image was obtained for anatomic normalization using a T1-weighted, inversion-recovery prepared gradient echo (MPRAGE) sequence (220 slices, slice thickness 1 mm, echo time 4.6 ms, repetition time 9.8 ms, flip angle 8°, field of view 240 mm 2 ). Cardiac and respiratory activity were measured continuously during functional imaging using an MRI-compatible pulse oximeter and thoracic belt transducer (Philips, Best, Netherlands), respectively, and heart and respiratory rates were calculated with custom MATLAB routines (MathWorks, Natick, MA). Unfortunately, due to equipment failure, cardiac and respiratory data were only available in 15 subjects.
Image processing Functional images were preprocessed using FSL (version 5.0.2.2, http://www.fmrib.ox.ac.uk), SPM8 (http://www.fil.ion.ucl.ac.uk), and MATLAB software (version 7.14.0.739). Images were slice-time corrected (middle reference slice) and realigned to the mean of the time series data (SPM8). All datasets were reviewed for motion and sessions were excluded if head motion between consecutive frames was greater than 3 mm in any direction. The highresolution T1-weighted image was co-registered to the functional images using a boundary-based registration algorithm (FSL FLIRT), segmented into tissue probability maps (FSL FAST), and normalized to Montreal Neurological Institute (MNI) space (FSL FNIRT). Functional images were normalized with FSL FNIRT deformation parameters, resampled to isotropic 2-mm voxels, and smoothed with a 6-mm Gaussian kernel (SPM8).
Region-of-interest analysis
Previous fMRI studies have demonstrated that anticipation of reward recruits regions along the mesolimbic pathway including the NAc (e.g., Carter et al. 2009; Cooper and Knutson 2008; Knutson et al. , 2004 and VTA (Carter et al. 2009; Krebs et al. 2011 ). Further, recent fMRI studies indicate oxytocin administration can alter neural responses within the NAc and VTA in response to salient social stimuli such as faces (Groppe et al. 2013; Scheele et al. 2013) , sexual stimuli (Gregory et al. 2015) , and in response to cooperative interactions (Rilling et al. 2014 ). As such, we chose to specifically examine the possibility that oxytocin would modulate the hemodynamic response function in the mesoaccumbal pathway. To do so, we performed volume-of-interest (VOI) analyses for the midbrain [combined ventral tegmental area (VTA) and substantia nigra pars compacta (SN)] and left and right nucleus accumbens (NAc) (Fig. 2 ). Left and right NAc VOIs were anatomically defined using the Harvard-Oxford subcortical structural atlas in FSL (version 5.0.2.2). The midbrain VOI was anatomically defined based on a high-resolution study of the VTA/SN (Eapen et al. 2011 ) and drawn on a Montreal Neurological Institute canonical brain (Wager lab, University of Colorado; http://brainstemwiki.colorado.edu/lib/exe/fetch.php/ avg152_ vta.nii.zip; accessed May 8, 2015). The BOLD signal time course was extracted and averaged across all voxels within the VOI. The signal change (relative to the regional mean signal) was linearly de-trended and high-pass filtered with a 100-s cutoff. Signal time courses for the initial 20-s period (11 time points) following cue onset were averaged across trials (for each participant and each task condition) and normalized to z-scores within-subjects. The effect of oxytocin versus placebo treatment on the BOLD signal time course was evaluated with a linear mixed model (fixed effects: time, treatment, condition, time × treatment, time × condition, treatment × condition, time × treatment × condition; random effect: subject) implemented with R software (version 3.0.2) and the lme4 package (version 1.0-5). Additional linear mixed models were used to examine effects per condition (Table S1) . Because brainstem signals can be sensitive to cardiac and respiratory artifacts, we used paired t tests to determine whether heart and respiratory rates were influenced by oxytocin versus placebo (Table 1 , Supplementary Material).
Whole-brain analysis As oxytocin administration has been observed to influence regions outside of the mesoaccumbal pathway, we performed planned, voxel-wise analyses in order to test for oxytocin effects outside the mesoaccumbal pathway. A two-level procedure was used. At the first level, a general linear model (SPM8) was constructed for each participant including parameters of interest corresponding to the anticipation of each condition type, modeled as impulse functions time-locked to the presentation of each of the five anticipatory cues (i.e., cue onset). We also included the following regressors of no interest: 3 position coordinates, 3 angular coordinates, a first-order parametric modulator for each condition's regressor weighted with that trial's reaction time in order to account for potential trial-by-trial differences in motor performance (Cooper and Knutson 2008) , and the top 5 principal components of the BOLD time series from white matter and CSF masks to remove signals arising from respiratory and cardiac cycles [aCompCor (Behzadi et al. 2007) ]. Scanner drift and other low-frequency noise were filtered out using 100-s high-pass threshold. The AR(1) model in SPM8 was used to account for temporal autocorrelation. Four contrasts of interest were investigated-high-salience reward, lowsalience reward, high-salience loss, and low-salience loss (all relative to neutral trials)-to characterize hemodynamic responses during the anticipatory phase of the task. The effect of oxytocin treatment versus placebo was tested in secondlevel analyses using SPM8 paired t tests with cluster-based correction for multiple comparisons.
Results

Behavioral effects of oxytocin
Eighteen healthy men (age, 22 ± 2 years, mean ± SD) completed the study and had usable data. We found no significant main effects of oxytocin treatment on emotional state as measured with the Positive and Negative Affect Schedule (PANAS), State-Trait Anxiety Inventory (STAI), and Brief Fear of Negative Evaluation (BFNE) scale (Table 1) .
The monetary incentive delay task was performed in the MRI scanner. Hit rates were not affected by oxytocin treatment (Table 1) . Repeated-measures ANOVA demonstrated significant main effects of task condition on hit rate (F 4,68 = 28.0, p < 0.001). While the algorithm used to adjust task difficulty ensures an average hit rate of ∼60 % over the course of the experiment, it does not control for each task condition's hit rate separately. As such, between condition differences in hit rate are still possible. This particular observation, that hit rates tend to be higher under incentivized conditions, has been noted by others investigating the MID task (e.g., Cooper and Knutson 2008; Helfinstein et al. 2013) . There was no effect of oxytocin on hit rate (main effect of treatment, F 1,17 = 1.18, p = 0.29; treatment × condition interaction, F 4,68 = 0.54, p = 0.71). Hit rate did not vary as a function of scan order (paired t test, t = 0.26, df = 17, p = 0.80). Reaction times were slightly but significantly slower following oxytocin, especially with the high-salience loss condition (Table 1) . Repeated-measures ANOVA demonstrated an expected main effect of task condition on reaction time (F 4,68 = 15.0, p < 0.001) and a significant main effect of oxytocin treatment (main effect of treatment, F 1,17 = 5.88, p = 0.03), but no treatment × condition interaction (F 4,68 = 0.52, p = 0.72). We saw a tendency for overall reaction times to be lower during the second scan (260 ms) compared to the first scan (276 ms; t = 3.06, df = 17, p = 0.01). However, the results of the repeated-measures ANOVA were unchanged when the order of oxytocin/placebo administration was included as a covariate.
Midbrain effects of oxytocin
We measured BOLD signal changes in two primary regions of interest, the midbrain (combined VTA and SN) and bilateral NAc. Figure 3 shows the mean BOLD signal time course in the midbrain, time-locked to the onset of incentive cues. As expected, hemodynamic responses were greater for the more highly incentivized conditions (high-salience reward and high-salience loss conditions, Fig. 3b, d ). Compared to placebo, oxytocin treatment caused an increase in BOLD signal during the late phase of the hemodynamic response (∼12 s after stimulus onset) across task conditions (Fig. 3) . We fit two linear mixed models to the hemodynamic response time course. The 4-level model adhered to the original task design, which included neutral as a reference condition. In that model, task condition was modeled as a factor with 4 levels: lowsalience reward-neutral, high-salience reward-neutral, lowsalience loss-neutral, and high-salience loss-neutral. To explore the possibility that oxytocin administration may potentially influence the time course of the neutral condition, we fit a second 5-level model which considered neutral as a separate condition. In that model, task condition was modeled as a factor with 5 levels: low-salience reward, high-salience reward, low-salience loss, high-salience loss, and neutral. The 5-level model revealed significant treatment-by-time and treatment-by-condition effects whereas the 4-level model showed a significant treatment-by-time effect and no significant treatment-by-condition effect ( Table 2 ). The treatmentby-time effect indicated that oxytocin changed the BOLD time course. The treatment-by-condition effect indicated that the oxytocin's effects varied across task conditions. The results were essentially unchanged when the order of oxytocin/ placebo administration was included as a covariate.
To further investigate this interaction of oxytocin treatment, time, and task condition, we used post hoc models to analyze the midbrain BOLD response for each task condition (Table S1 ). Significant main effects of treatment were observed for low-salience reward and neutral conditions. Significant treatment-by-time effects were observed only under the high-salience reward condition. Examination of raw BOLD time course data (without subtracting the neutral condition) suggested that oxytocin increased the late BOLD response (12-s lag) under reward conditions, decreased the late BOLD response under the neutral condition, and had no effect under loss conditions (Fig. S1) . To address the question of valence or salience specificity, we modeled the response at the 12-s time point with the following predictors: oxytocin treatment, valence (reward vs loss), salience (high vs low), and all 2-and 3-way interactions. Significant effects were found for treatment (p = 0.003), salience (p = 0.02), and treatment-by-valence (p = 0.04); all other terms were nonsignificant (p > 0.2). These observations suggest that oxytocin's effects on midbrain BOLD response may be valence specific, with greater effects under reward conditions than under loss conditions with an opposite, independent effect on midbrain responses to neutral stimuli.
The effects of oxytocin on the late phase of the midbrain hemodynamic response suggested that oxytocin could be altering responses to later trial events-especially the visual feedback regarding the outcome of the trial-rather than altering anticipatory responses to incentive stimuli per se. To test that possibility, we performed additional analyses in which the hemodynamic response time course was time-locked to the onset of visual feedback. Linear mixed model fits to the hemodynamic response time course in the midbrain confirmed no significant main effects or interactions with oxytocin treatment (data not shown). These results indicate that the increase in the BOLD signal by oxytocin, despite being delayed by ∼12 s relative to stimulus onset, was specific to incentive anticipation.
Accumbal effects of oxytocin
In contrast to the midbrain findings, hemodynamic responses in the NAc were not affected by oxytocin (Fig. 4) . Linear mixed model fits to the hemodynamic response time course in left and right NAc confirmed no significant main effects or interactions with oxytocin treatment (data not shown).
Prefrontal effects of oxytocin
We tested for effects of oxytocin in other brain regions using SPM8 with the built-in canonical hemodynamic response function. Oxytocin effects were found for the high-salience loss condition within a large cluster in the medial PFC (P FWE = 10 −7
; Table 3 , Fig. 5a-c) . Examination of BOLD signal extracted from this cluster showed that, relative to placebo, oxytocin attenuated the negative BOLD response to high-salience loss stimuli (Fig. 5d) . Two smaller clusters in the left lateral prefrontal cortex showed a similar pattern but did not survive correction for multiple comparisons (Table 3) . No significant effects of oxytocin were found for low-salience reward, high-salience reward, or low-salience loss conditions (whole-brain corrected P FWE > 0.05).
The findings that medial PFC responses, late midbrain responses, and reaction times were all influenced by oxytocin treatment under the high-salience loss condition suggested that these three effects might be related. To examine this possibility, we tested for association between oxytocin-induced change in medial PFC peak hemodynamic response (t = 6 s; see Fig. 5d ) and oxytocin-induced change in mean reaction time during high-salience loss trials. We found no significant correlation across participants (rho = 0.04, p = 0.88, n = 18, Spearman correlation). Similarly, we found no association between change in medial PFC peak response and change in the midbrain late peak response during high-salience loss trials (rho = 0.20, p = 0.41, n = 18, Spearman correlation). Finally, there was no significant association between change in the midbrain late peak response and change in mean reaction time during high-salience loss trials (rho = −0.11, p = 0.66, n = 18, Spearman correlation). Thus, we found no evidence that 
Emotion and personality correlates
Although we found no main effect of oxytocin treatment on questionnaire-measured emotional states (PANAS; see Table 1 ) oxytocin-induced change in emotional state varied considerably across participants. If the neural effects of oxytocin that we observed in the midbrain and medial PFC underlie oxytocin effects on subjective state, then one would expect to observe a correlation between neural and subjective state. To test this possibility, we first calculated the effect of oxytocin on midbrain response for each subject at each time point, irrespective of task condition using paired t tests. We confirmed that the strongest effects of oxytocin were observed 12 s after cue onset (Fig. 6a) . Then, we calculated the effect of oxytocin on emotional state (PANAS positive and negative scales) for each subject using paired t tests. Finally, we tested, at each time point, whether change in BOLD response, irrespective of task condition, correlated with change in emotional state. We found significant Pearson correlations between change in the PANAS positive scale and change in the midbrain BOLD response at 6 and 12 s (r = 0.47, p = 0.049; r = 0.55, p = 0.02, respectively), corresponding to early and late hemodynamic response peaks (Fig. 6b-d) . No significant correlations were found with the PANAS negative scale (all p > 0.05). A similar analysis of medial PFC responses to highsalience loss revealed no significant correlations with PANAS positive or negative scales (all p > 0.05). These findings link oxytocin's effects on positive emotions with its effects on neural responses in the midbrain but not the medial PFC. Given the large number of correlation tests performed in these exploratory analyses (i.e., 11 time points), these findings should be considered provisional.
Finally, we performed an exploratory analysis of personality traits as potential moderators of the neural effects of oxytocin. Using time course analyses similar to those described above for PANAS changes, we found no significant correlations between NEO PI-R domain scores versus oxytocininduced change in BOLD response in the midbrain or medial PFC (all p > 0.05).
Discussion
Although oxytocin is renowned for its ability to shape social behaviors, increasing evidence supports the idea that oxytocin may more generally influence neural responses to multiple forms of reward through its modulation of the mesoaccumbal and mesocortical pathways (Love 2014) . Here, we provide the first evidence in humans that oxytocin administration affects mesoaccumbal responses to non-social incentives. We observed that intranasal oxytocin prolonged BOLD responses during the anticipation of monetary incentives within the midbrain but not the NAc. Furthermore, we found that oxytocinattenuated medial PFC deactivation specifically during anticipation of monetary loss. Finally, we observed that oxytocin's effects on positive emotional state correlated with its effects on midbrain responses, indicating a link between neural activity and subjective experience.
Our study has several limitations. First, the within-subject design is well-suited to detecting effects of oxytocin, but with a sample size of 18 subjects, tests for between-subjects effects, for example, correlations with personality, are not wellpowered to detect small-to-moderate effects. Second, the intranasal oxytocin administration protocol we used was convenient and well-tolerated, but this route is subject to betweensubject variation in bioavailability and pharmacokinetics. Newer devices may reduce between-subject and betweenstudy variation in oxytocin delivery (see Quintana et al. 2016 for a review on the challenges of properly administering intranasal oxytocin). Intranasal administration of oxytocin to macaque monkeys has been reported to increase concentrations of oxytocin in cerebrospinal fluid within 40 min (Dal Monte et al. 2014) , and in humans, concentrations of vasopressin (which is structurally similar to oxytocin) in Time × treatment × condition 7.61 4 0.11 4-level model: Task condition is modeled as a factor with 4 levels: lowsalience reward-neutral, high-salience reward-neutral, low-salience lossneutral, and high-salience loss-neutral 5-level model: Task condition is modeled as a factor with 5 levels: lowsalience reward, high-salience reward, low-salience loss, high-salience loss, and neutral a Type II Wald chi-squared tests cerebrospinal fluid were shown to increase 10-80 min after intranasal vasopressin administration (Born et al. 2002) , but direct evidence for immediate oxytocin elevations in cerebrospinal fluid in humans is still lacking (Leng and Ludwig 2015; Striepens et al. 2013) . Third, the scope of the current study did not allow us to examine the dose-dependence or durability of oxytocin's effects. These questions should be examined in future studies. Fourth, this study included only men due to Institutional Review Board concerns about off-target effects among women. Given the known sex differences in the biology of oxytocin, future studies should include women while incorporating proper precautions. Strengths of this study include the randomized, double-blind, placebo-controlled, crossover design; the use of a robust, well-established task SPM8 paired t test, n = 18 subjects, not corrected for testing 4 contrasts; threshold p = 0.001 (one-sided, uncorrected); threshold cluster size = 100 voxels FWE family-wise error correction, FDR false discovery rate correction, unc uncorrected, MNI Montreal Neurological Institute to measure mesoaccumbal activation in humans; and the focused analyses on regions of interest, including examination of the BOLD signal time course. The principal findings of our study are not consistent with those from a comparable study recently reported by Nawijn and colleagues (Nawijn et al. 2016) . That study examined the effects of intranasal oxytocin on a sample of trauma-exposed police officers and found enhanced responses to monetary incentives in the putamen, insula, and anterior cingulate cortex using region-of-interest analyses. They found no effects in the midbrain or NAc, and no effects that survived whole-brain correction for multiple comparisons. The monetary incentive delay task and image acquisition and processing were similar (but not identical) between that study and ours, and the trial design and procedures for drug administration were nearly identical. One potentially important difference between the two studies is in subject characteristics. Nawijn et al. studied two samples of police officers, a group with post-traumatic stress disorder and a group of trauma-exposed controls. Both men and women were included, with mean ± SD age of approximately 40 ± 10 years. Our study included only healthy men, aged 22 ± 2 years, without trauma exposure. It is possible that our relatively homogenous sample reduced extraneous sources of variance and allowed us to detect effects of oxytocin in the midbrain and PFC that were otherwise not observable. It is also possible that the effects we observed are specific to males, although this seems less likely since no interactions with sex were found in the other study (Nawijn et al. 2016) . A second potentially important difference between the two studies is in the analytic methods used. The other study relied solely on SPM modeling, which requires assumptions about the shape of the hemodynamic response function, whereas we used a combination of modeling and SPM-independent analyses of the BOLD time course. Our use of the latter approach revealed prolonging of midbrain responses that was not apparent with SPM modeling. While analytic differences could explain discrepant midbrain findings, this would not account for other discrepancies, since we detected an oxytocin effect in the PFC using SPM with whole-brain correction. Finally, it appears that the oxytocin effects reported by Nawijn et al. would not survive correction for multiple comparisons. In their region-of-interest analyses, p values ranged 0.024-0.044 before accounting for testing of 2 task conditions and 6 regions (Nawijn et al. 2016) , so type I error is possible.
Our results complement and extend previous human studies of oxytocin's effects in social contexts. For instance, a study using a social form of the incentive delay task previously demonstrated that oxytocin administration is associated with heightened midbrain and NAc responses during the anticipation of social incentives [i.e., happy/angry faces, (Groppe et al. 2013)] . Similarly, Scheele and colleagues recently showed that treatment with intranasal oxytocin can enhance both midbrain and NAc responses in men viewing the face of their female partner compared to unfamiliar women (Scheele et al. 2013) . It has been hypothesized that such oxytocin-induced increases in activity could be due to oxytocin's modulatory influence on dopaminergic activity in these areas and as such may be a reflection of increased reward value or salience attributed to these salient stimuli (Groppe et al. 2013; Scheele et al. 2013) . Our results extend these findings by demonstrating, for the first time, that oxytocin treatment prolongs midbrain responses during anticipation of monetary incentives. Taken together, these results indicate that oxytocin, rather than selectively influencing neural activity associated with socially salient cues, increases midbrain responses to more general incentive cues. This conclusion runs counter to the notion that oxytocin only influences social processes.
Our findings in humans are consistent with preclinical data demonstrating that oxytocin can indeed impact non-social behaviors possibly through oxytocin's influence on dopaminergic neurotransmission (Sarnyai and Kovács 2014) . Extensive work has demonstrated that oxytocin treatment can lower the rate of self-administration and reduce the rewarding impact (as assessed by conditioned place preference) of drugs such as methamphetamine (Sarnyai and Kovács 2014) . These effects appear to occur concomitantly with reductions in the capacity for psychostimulants to trigger dopamine release within the NAc (Qi et al. 2007 ). While our functional MRI methodology cannot reveal dopamine-specific neurotransmission, BOLD activity in the VTA and NAc elicited by the monetary incentive delay task has been shown to be associated with rewardrelated changes in dopamine release (Schott et al. 2008) . Thus, it is tempting to speculate that the impact of oxytocin administration on midbrain activity that we observed reflects changes in dopaminergic activity. Future studies utilizing techniques that quantify dopaminergic neurotransmission (e.g., positron emission tomography with dopamine receptor radiotracers) would be able to answer this possibility more directly.
The BOLD signal change we observed in the midbrain occurred specifically during the late phase of the hemodynamic response. In general, because the BOLD contrast mechanism inherently filters and delays the underlying neural signal, a brief stimulus typically evokes a peak 5-6 s following the stimulus and continues to evolve over ∼20 s (Friston et al. 1994; Friston et al. 1998) . We found that oxytocin increased the BOLD signal during the late phase (lag ∼12 s) where an undershoot is commonly observed and not during the early peak (lag ∼6 s). The significance and functional implications of such a temporally delayed response is not currently known. Although we did not anticipate this phase specificity, similar pharmacologic effects have been described previously. Knutson and colleagues found that oral amphetamine caused a blunting of the early NAc BOLD signal (6-s lag) and an increase of the late NAc BOLD signal (12-s lag) in response to potential reward, but not potential loss ). They did not report analyses of midbrain responses. The phase-specific effects were attributed to amphetamine's ability to blunt phasic dopamine release while increasing tonic dopamine release in the NAc ). If we apply this interpretation to our findings, our data support a model in which oxytocin administration increases tonic activation of midbrain neurons without affecting phasic responses. In support of this possibility, recent experiments in mice have shown that oxytocin directly activates a subset of neurons in the VTA (Tang et al. 2014) ; how oxytocin influences dopamine dynamics in the midbrain remains unclear. Another possibility is that oxytocin affects vascular responses or neurovascular coupling, prolonging the temporal evolution of the BOLD signal. This seems unlikely as the effects we see here are condition and region specific. Our observations are certainly consistent with other models. For example, oxytocin's effects in the periphery or in other brain regions might modulate midbrain responses indirectly.
We found some degree of valence specificity of oxytocin effects within the midbrain. We observed an increase of the VTA BOLD signal under reward conditions during the late phase of the BOLD signal response (12-s) compared to loss conditions. We also found an unexpected decrease of the late BOLD signal under the neutral condition. As such, within the VTA, oxytocin administration both increased late BOLD signal response during the anticipation of reward and reduced BOLD response during the neutral condition, effectively exaggerating the contrast between reward and neutral conditions. Our findings add to previous studies which have reported valence-specific effects of oxytocin on emotion perception and reaction times (Di Simplicio et al. 2009 ), attentional bias Ellenbogen et al. 2011; Kim et al. 2014) , eye gaze (Domes et al., 2013b) , emotional recall (Kis et al. 2013) , and on the neural and parasympathetic responses to emotional stimuli (Gamer and Büchel 2012; Gamer et al. 2010) . The genesis of such condition-specific effects are not entirely clear. It is possible that oxytocin may alter individual's subjective experience towards the anticipatory cues. Previous MID studies indicate that self-report measures of affective reactions to anticipatory cues are correlated with mesolimbic BOLD responses during the anticipation of reward (i.e., NAc activity, Knutson and Cooper 2005; Bjork et al. 2004; Samanez-Larkin et al. 2007 ). Individual differences in reward sensitivity also predict relative BOLD responses to gain over loss (Carter et al. 2009 ). In order to explore these possibilities in the future, it will be important to obtain arousal and valence ratings for each of the anticipatory cues and measures of reward sensitivity before and after oxytocin administration.
Our whole-brain analyses revealed an effect of oxytocin administration on medial PFC responses selectively during anticipation of potential losses. A recent functional MRI study of autistic individuals making social judgments reported that a dorsomedial PFC region-one that overlaps with the region we observed-was activated by intranasal oxytocin (Watanabe et al. 2014 ) suggesting a convergence of findings on this specific region. During the monetary incentive delay task, we found that a negative BOLD response observed under the placebo condition was attenuated by oxytocin. Although the underlying physiological mechanism of the negative BOLD response is not completely understood, recent work suggests that the most likely cause is a reduction in cerebral blood flow and a lesser reduction in cerebral metabolic rate caused by active neuronal inhibition (Mullinger et al. 2014) . If this mechanism is at work in our experiment, then oxytocin most likely attenuates neuronal inhibition, presumably GABAergic, in the medial PFC during anticipation of loss. This effect of oxytocin could be mediated through cortical or subcortical oxytocin receptors. Experiments in mice recently revealed that oxytocin activates a subset of medial PFC interneurons (Nakajima et al. 2014 ) but how these oxytocin-responsive neurons connect with local circuitry and alter cortical function remains unknown. The cortical effects we observed could also result from oxytocin's subcortical modulation of widely projecting neurochemical systems that impinge on the cortex, such as the dopaminergic and serotonergic systems (Dolen et al. 2013; Love 2014; Yoshida et al. 2009 ). The specificity of oxytocin's effect for the highsalience loss context was mirrored by slowing of reaction times under this condition. Increased reaction time may be a sign of increased performance monitoring, which may engage this medial PFC region. However, we did not observe significant correlations between reaction times and BOLD responses which would be expected if these processes were causally related. Another possibility is that the potential for monetary loss was perceived as less incentivizing during oxytocin administration. This possibility could be examined in future studies by measuring subjective perceptions of incentive stimuli with and without oxytocin. In any case, the effects of oxytocin that we observed are consistent with valence-specific attenuation of prefrontal processing of incentive stimuli.
In conclusion, our results indicate that oxytocin administration influences neural responses to monetary incentive stimuli, even in the absence of a social context. These findings could be of significant interest to researchers interested in developing oxytocin-related agents for disorders characterized by dysfunctional reward processing, such as depression, schizophrenia, and substance use disorders (Kim et al. 2014; McGregor et al. 2008; Pedersen et al. 2013 ). While our data indicate that oxytocin administration can broadly impact neural responses in the absence of social cues, a large body of evidence suggests that oxytocin does indeed play a special role in the manifestation of social behaviors. Future studies examining the social specific and non-social specific influences of oxytocin on reward processes should reveal how and under what circumstances oxytocin modulates reward behaviors.
